Interest in the transmission of high intensities through optical fibers is being motivated by an increasing number of applications. Using different laser types and fiber materials, various studies are encountering transmission limitations due to laser-induced damage processes. For a number of years we have been investigating these limiting processes during the transmission of Q-switched, multimode, Nd:YAG laser pulses through step-index, multimode, fused-silica fiber. We have found that fiber transmission is often limited by a plasma-forming breakdown occurring at the fiber entrance face. This breakdown can result in subtle surface modifications that leave the entrance face more resistant to further breakdown or damage events. Catastrophic fiber damage can also occur as a result of a variety of mechanisms, with damage appearing at fiber entrance and exit faces, within the initial "entry" segment of the fiber path, and at other internal sites due to fiber fixturing and routing effects. System attributes that will affect breakdown and damage thresholds include laser characteristics, the design and alignment of laser-to-fiber injection optics, and fiber end-face preparation.
INTRODUCTION
Applications that are currently motivating interest in high-intensity laser transmission through optical fibers include certain medical procedures,1' laser acceleration of flyers for studies of material behavior under impulsive loading,3'4 and prompt initiation of secondary explosives using methods inherently safe from accidental electrical currents.5'6 As laser intensities within a fiber are increased, however, transmission will eventually be intemipted by laser breakdown or laserinduced damage. Our studies of these events have been limited to the case of Q-switched, multimode, Nd:YAG laser pulses at the fundamental wavelength (1.064 pm) transmitted through step-index, multimode, fused silica fiber. A number of breakdown and damage processes have been identified, as illustrated in Fig. 1 . Of these various processes, we have found that fiber transmission is often limited by a plasma-forming breakdown at the fiber entrance face. In this process, subtle surface modifications can occur that leave the fiber face more resistant to further breakdown or damage events. We denote this process as breakdown rather than damage to distinguish it from plasma-forming events on the entrance face in which small pits form on the surface, and subsequent laser pulses simply produce more violent events with more extensive pitting. The other catastrophic damage processes that are possible can result in damage appearing at the fiber exit face, within the initial "entry" segment of the fiber path, or at other internal sites due to fiber fixturing and routing effects. 711 For a given laser and fiber configuration, we have found that the particular breakdown or damage mechanism that will dominate and its corresponding threshold will generally depend on the following system attributes: laser characteristics, the design and alignment of laser-to-fiber injection optics, and fiber end-face preparation. Entrance-face breakdown and damage depend on the surface characteristics resulting from the end-face preparation process, and on the peak fluences at this face resulting from the laser characteristics and the design of the laser-to-fiber injection optics. Previous studies examined how entrance-face thresholds can be affected by end-face preparation techniques such as different mechanical polishing schedules,7 adding C02-laser conditioning following mechanical polishing,9 and cleaving.10 A particular schedule for C02-laser conditioning following an optimized mechanical polishing schedule was found to produce surfaces very resistant to breakdown.9 The other factor determining entrance-face thresholds is the relation between peak fluence at this surface and the incident energy. By the use of magnified beam-profiling techniques, the actual fluence distribution on a fiber entrance face resulting from a particular combination of laser and injection optics can be established. One figure of merit for laser conditions at the entrance face can be defined by the following ratio ofpeak-to-average fluences:
P/A = peak local fluence (total energy incident on fiber core)/(fiber core area)
We try to confine the incident laser energy to the fiber core to prevent energy from propagating in the cladding. A perfect "flat top" fluence distribution extending over the entire core area would achieve a value of unity for this ratio. In practice, using different lasers and injection optics, we have achieved values for this ratio varying from less than 3 to more than 5.
The highest values have resulted from multimode lasers with very strong "hot spots".
Damage beyond the entrance face but within the initially straight portion of the fiber path is denoted as "entry" damage. This damage occurs when initial reflections along the core/cladding interface result in internal beam focusing, with veiy high fluences produced within one or more fiber cross sections in this region. In general, a great many reflections over a considerable length of fiber are necessary before a reasonably steady fluence distribution is established in fiber cross sections.12 When "entry" damage dominated the results in one previous study,8 examination of the beam profiles from our multimode laser at the fiber entrance face and beyond showed very strong, persistent "hot spots." This led to modifications of our test laser to produce smooth, quasi-Gaussian profiles in both the near field and far field.9 Even with a laser having a relatively benign spatial profile, however, "entry" damage can be easily introduced. Early studies115 found that the laser axis and the initial fiber axis need to be collinear to avoid this damage process. In addition, these studies found that the fiber entrance face should be positioned beyond the focal plane of the injection lens so that the beam will be diverging as it enters the fiber. A larger divergence angle, as will occur with an injection lens having a shorter focal length, helps to inhibit the damage process.
Assuming that the laser and fiber axes are collinear and the laser beam is reasonably axisymmetric, the divergence and intensity distribution of the beam entering the fiber entrance face define the initial mode power distribution (MPD) within the fiber. The MPD is a description of how the total laser power is distributed with respect to the angle that rays make with the fiber axis.12 The maximum possible angle is the critical angle for total internal reflection. Unless an injection lens with a very short focal length is used, the initial mode power distribution may only extend over angles much smaller than the critical angle. In addition to enhancing "entry" damage, this condition can lead to a persistent damage mechanism within the first major bend along the fiber path. In one previous study, internal damage was consistently observed within a fiber segment that transitioned from a straight entrance path to a constant-radius bend that continued through 360°. The cause of this damage was determined to be very high fluences in the outside portion of the fiber cross section (away from the center of curvature).11 Although any bend in the fiber path will cause the mode power distribution to become asymmetric, the extreme asymmetry in this case was due to a significant portion of the total energy being confined to "whispering gallery" rays16 that only reflect from the outer core/cladding boundary. To inhibit this damage process, the mode power distribution must be broadened prior to the first bend in the fiber path. This requires either innovative injection optics or mechanical mode mixing in the entrance segment.
An additional damage mechanism has been observed in previous studies at positions along the fiber path where the path was forced to experience a small bending radius locally. Such a condition can be introduced inadvertently when a fiber is routed around a thin post or sharp edge and then some axial tension is applied. This is especially easy to do if the fiber only has a thin buffer and no additional protective layers. In a few cases a measurable loss in transmission was noted before damage, indicating that the locally imposed bend was causing some of the laser energy to exceed the critical angle for total internal reflection and pass through the cladding into the buffer. In other cases no loss in transmission was observed prior to damage, suggesting that the locally imposed geometry was causing focusing within the fiber core. In some of these cases the damage did not occur immediately, which prompted an investigation into possible time-dependent ec1
Damage related to local path aberrations can also result from fiber fixturing. In one study, careless fixturing of an array of fibers resulted in every fiber damaging at nearly the same location behind the fixture at relatively low energies.8 Use of a high-shrinkage epoxy apparently caused the path of each fiber to be locally distorted exiting the fixture. These examples illustrate that this particular damage process can be avoided if sufficient care is taken in the handling, routing, and fixturing of fibers.
The damage mechanism at the fiber exit face is quite different from that at the entrance face. Assuming that a reasonably good surface finish has been achieved through polishing, damage at this face will typically result from subsurface defects remaining from early polishing steps.7 We have also observed exit face damage with cleaved surfaces, possibly due to subsurface fractures created during the cleaving process. This dependence on subsurface features for exit face damage results from a standing wave pattern during the laser pulse that produces peak intensities at discrete depths into the silica.17
Exit face damage typically results in one or more large craters that start from the depth where the damage initiates. Subsurface defects are difficult to detect and can be present even if the final surface finish is very good. Minimizing this form of damage depends on developing a careful polishing schedule in which sufficient material is removed at each step.
Although all of our studies have used multimode Nd:YAG lasers, certain issues can be identified if fiber transmission is under consideration for other high-power lasers. Relevant laser characteristics can be divided into three areas: basic parameters (wavelength and pulsewidth), transverse mode characteristics, and spectral linewidth. Threshold fluences for breakdown and damage generally decrease with decreasing wavelength and pulsewidth.18 Elimination of strong "hot spots" in multimode lasers through design and alignment has been mentioned previously as a means of inhibiting entrance-face breakdown and "entry" damage. Concerns introduced by the use of a TEM laser beam include breakdown or damage at a focus within the laser-to-fiber injection segment, "entry" and initial-bend damage due to a narrow initial MPD generated in the fiber, and the onset of nonlinear effects within the fiber. The spectral linewidth of a laser depends on the number of axial cavity modes active within the lasing medium's gain profile. A smaller linewidth corresponds to greater temporal coherence, which enhances interference between propagating modes in a multimode fiber. The intensity distribution across the exit face of relatively short fibers (a few meters) can then have strong interference maxima and minima,9 which may be undesirable for some applications. For longer fiber paths (tens of meters) a smaller spectral linewidth will result in earlier onset of nonlinear effects, particularly stimulated Brillouin scattering.19
In the present study we have tried to establish what thresholds could be achieved with a laser delivery system in which all of the important system attributes have been optimized to some extent. The next section describes the resulting experimental configuration. The following section describes the methods used for conditioning fiber faces with a CO2 laser. Subsequent sections present and discuss the threshold data obtained with the current system.
CURRENT EXPERIMENTAL CONFIGURATION
The experimental configuration used in the present study is shown schematically in Fig. 2 . The test laser is a compact, oscillator-only, multimode Nd:YAG (Laser Photonics Model YQL-102) operated at the fundamental wavelength (1.064 pm) in a Q-switched, single-shot mode. In a previous study9 the alignment of this laser was altered to produce nearly Gaussian near-field and far-field profiles while preserving its full multimode output energy. Typical near-field profiles are shown in Fig. 3 . For the present study an additional regulated heat exchanger was added to the laser cooling system to ensure output consistency over extended periods of operation. The laser pulsewidth (FWHM) is now 13.5 0.5 ns, as shown in Fig. 4 . A single piano-convex lens having a 50-mm focal length was used to inject the laser beam into the fiber entrance face, which was positioned a few millimeters beyond the focal plane. The distance from the lens to the entrance faces of successive test fibers was carefully repeated (to within pm) to minimize variations in test conditions. A magnified beam-profiling 4 .0 system was used to determine the actual fluence distribution at the entrance-face location, as shown in Fig. 5 . As in the laser near-field profile ( Fig. 3 ), a smooth, quasi-Gaussian distribution exists at the fiber face. The magnified beam profiles also provide a measurement of the ratio of peak-to-average fluences at this location (as defined previously). In the current study the average value for this ratio was 3.09, with a standard deviation of 0.14 (as determined from 120 single pulses).
The initial portion of the fiber path was held in a custom fixture designed to improve our ability to align the fiber axis parallel to the laser axis. This fixture also had orthogonal micrometer drives for centering the fiber axis on the laser axis through active alignment at a low laser energy. The fiber entrance and exit faces were observed during testing with longworking-distance video microscopes. A more sensitive means of detecting entrance-face breakdown was achieved by directing some of the light entering this video microscope into a photodiode. A filter blocked scattered laser light, and broad-band breakdown emission produced signals that were recorded on a digital oscilloscope. A CW He-Ne laser was operated collinearly with the Nd:YAG laser to enhance detection of end-face and internal damage.
All the fibers used in the present study were type FG-365-UER from a single production lot at 3M. These fibers have a 365-run diameter core of high-0H fused silica, a 17.5-pin thick cladding of F-doped fused silica (resulting in a numerical aperture of 0.22), a 15-pin thick TECSTM coating, and a 150-jim thick Tefzel® buffer. Instead of the standard 100 kpsi proof test normally conducted on production fiber, 3M subjected all of our fiber to a 250 kpsi proof test under uniform tension. In addition, a portion of the same production lot was used for dynamic strength testing to establish a Weibull statistical distribution for failure probability versus applied stress.2° Such a distribution is in the form:
where F(a) is the cumulative probability for failure at stress a, m is the Weibull slope, and s a scale parameter. Values of m and cj0 this lot of fiber were found to be 146.4 and 736.0 kpsi, respeclively. These values are quite large, indicating a very high-quality fiber having only a narrow disiribution of very small surface flaws.20
An optimum laser-to-fiber injection system would mitigate any "hot spots" in the beam to produce a smooth fluence distribution over most of the fiber entrance face, would be relatively insensitive to alignment errors, and would immediately generate a broad mode power distribution in the fiber without any regions of internal focusing. In other words, optimum beam characteristics at the fiber entrance face would essentially be the same as would be found at a fiber exit face after a lengthy propagation distance. Conventional optics are not likely to provide these features. In one previous study a diffractive optical element was evaluated as a component in the laser-to-fiber injection optics.10 Although this element was successful in achieving the intended intensity distribution at the fiber entrance face, it produced a focused pattern at some depth into the fiber that resulted in early damage. Since then we have evaluated two more diffractive elements that have been designed and fabricated at Sandia National Laboratories for use in laser-to-fiber injection optics. Each design has been an improvement over prior elements, but to date a completely satisfactory design has not been achieved. Consequently, in the present study a simple lens approach was still used to inject the beam into the fiber. However, a mechanical mode scramber was added to the initial fiber path in order to generate a broader mode power distribution. A sketch of this device is shown in Fig. 6 . The top and bottom pieces each hold a series of cylindrical rods 1.2 mm in diameter that protrude out 
CONDITIONING OF FIBER END FACES USING A CO2 LASER
In a previous study9 a significant improvement in entrance-face breakdown thresholds was achieved when fiber end faces were conditioned with a CO2 laser using a particular conditioning schedule. A different schedule was found to have a detrimental effect on measured thresholds. These contrasting results were consistent with earlier studies on C02-laser conditioning of bare fused-silica surfaces.21'22 For the current study, a new system for CO2 laser conditioning of fiber end faces was assembled. This system is shown schematically in With a test fiber in between, the top and bottom pieces are brought together against a hard stop that leaves a 0.60-mm gap between the top and bottom rods. The total fiber diameter is 0.73 mm, but this includes a 0.30-mm total thickness of fairly compressible Tefzel. The actual deflection of the fiber axis within this device has not been determined, but it is certainly less than the 50-70 jim microbend deflections examined in a previous study10 which resulted in transmission losses of 5-45%. Transmission losses for the design shown in Fig. 6 were less than 2%. Figure 7 shows the effect of the mode scrambler on fluence profiles across the fiber core at a location within a bend.
The techniques used to obtain such a profile were described previously. Without the mode scrambler the profile is strongly shifted to the outside of the bend, resulting in the ratio of peak-to-average fluences having a value of 4.4. With the mode scrambler the proffle is more uniform across the fiber core, with the ratio of peak-to-average fluences falling to 2.1.
The mode scrambler has very little effect on the fluence distributions at the fiber exit face, as shown in Fig. 8 . The intensity variations shown in Figs. 7 and 8 are due to interference between fiber modes, as mentioned in the previous section. maximum CW output of 7.5 watts. Fibers were held in a fixture that rotated at 6 rpm, with the end faces held a fixed distance beyond the focal plane of a focusing lens. The end face was observed with a magnified video camera and an JR pyrometer that was custom made for this application by Vanzetti. Because of temperature variations ross the fiber face, the pyrometer provided only a qualitative measure of surface temperatures. Signals from the pyrometer and a meter monitoring the laser power were recorded digitally for each fiber. An electric shutter was used to expose the fiber end face to a constant incident laser power for a fixed 30-second duration. Figure 10 shows the Gaussian intensity distribution on the fiber end face during this exposure. This distribution was determined by measuring the fraction of incident power transmitted by small apertures positioned at the same location. Figure 1 1 shows side-on profiles of fiber end faces measured before and after the conditioning process. The incident laser power and the exposure time were selected to match the degree of rounding near the edge (within the cladding) that had resulted from the most successful conditioning schedule found in the previous study. The CO2 laser intensity distribution on thefiberface Fig. 11 The effect ofCO2-laser conditioning on the shape of the fiber face
RESULTS
The test procedure used for each fiber is illustrated in Fig. 12 . After alignment using very low pulse energies, the fiber is subjected to a series of single laser pulses in which the incident energy is increased with each successive pulse. The testing is halted when a breakdown or damage event occurs on a given shot, as determined by some combination of the entranceface breakdown detector, the appearance of scauered He-Ne laser light, and the measured fiber transmission. For simplicity the term "damage" will now be used to indicate the first breakdown or damage event that occurs during the test procedure. The maximum energy transmitted before damage, together with the attempted and actual transmitted energies at damage, were then recorded. In past studies, such results were presented in terms of the percentage of a given lot of test fibers that transmitted certain energy levels before a breakdown or damage event occurred. In the current study, probability distributions were fit to the test results to provide a means for estimating damage probabilities at lower laser energies.
In order to establish the relative value of the end-face conditioning process using the CO2 laser, we initially tested a number of fibers for which this conditioning process was omitted. The results, shown in Fig. 13 , are presented in terms of cumulative damage probability versus the maximum transmitted energy before damage. To represent the results in this fashion, the individual fiber results were first ordered from lowest to highest transmitted energy E1 before damage, then assigned a corresponding rank R, where R1 = 1,2, 3 N (N is the total number of fibers tested). The cumulative probability for damage F1 at energy E was then assigned according to:23 where the Weibull slope m and scale parameter E0 were introduced in a previous section. Weibull distributions are commonly used to characterize the strength of brittle materials, in which the most serious flaw in the sample is assumed to control the strength. The most serious flaw may not be the largest, but will be where the combination of flaw size and local stress results in the largest stress intensity factor. This appears to be a good analogy to laser-induced damage in fibers, where damage thresholds will be controlled by sites where the combination of defect absorption and laser intensity is most severe. For comparison with the Weibull distribution, a normal distribution was obtained from the mean and standard deviation of the E1 values. The Weibull distribution is more conservative, giving higher damage probabilities at lower energies than the nonnal distribution. Figure 14 shows the results obtained with fibers that had end faces conditioned with the CO2 laser. Compared to the results in Fig. 13 , the cumulative probability distribution is shifted to higher transmitted energies by approximately 15 mJ, and the distribution width is slightly narrower. Additional comparisons between these results will be made in the following section. Another representation of the results with C02-laser conditioning is shown in Fig. 15 . Instead of transmitted energy, cumulative damage pmbability is shown versus the peak fluence incident on the fiber face before damage. This form permits comparisons with non-fiber data, as peak incident fluence is the typical measure for representing damage characteristics at surfaces.18 In Fig. 5 , the relative variation of fluence over the fiber entrance face was shown for a typical laser pulse. From such profiles the ratio of peak-to-average fluences at this face can be determined. With this ratio, measured energies can be converted directly to peak incident fluences. However, shot-to-shot variations in the laser's multimode output will result in similar variations in the value of this ratio. A number of individual beam profiles were recorded (a total of 120 over several days and under different operating conditions) in order to establish mean and standard deviation values for this ratio. The central curve in Fig. 15 shows the distribution obtained using the mean value of this ratio to convert from measured energies to peak fluences. The adjacent curves show the distributions obtained using a value for the ratio equal to the mean value plus or minus one standard deviation. The span of these curves indicates the uncertainty in peak fluence values using our particular test laser.
S. DISCUSSION
The goal of the present study was to establish what thresholds for laser-induced breakdown and damage could be achieved if all of the important system attributes could be optimized to some degree. However, one of these attributes was not as optimal as had been achieved in a previous study. A fiber-to-fiber injection method used a few years ago9 was clearly the most benign injection technique devised to date. In this approach, the test laser was injected into a 2-meter length of "conditioning" fiber using the same simple lens as used in the current study. This "conditioning" fiber had a larger diameter and a smaller numerical aperture than the fibers that were tested for damage thresholds, and was arranged with two 25-cm diameter loops along its path to encourage mode mixing. Because of the larger diameter, peak fluences at the entrance face were substantially lower than at the entrance face of the test fibers. Two lenses were used at the fiber exit to image its output onto the entrance face of a test fiber. Because the "conditioning" fiber had a lower numerical aperture (0.11 in comparison to 0.22 for the test fibers), the output could be demagnified sufficiently to fit within the core of the test than is typically used in damage testing of substrates, reducing the relative likelihood of encountering surface defects that have some probability for occurrence per unit area. Consequently, the present results can be biased towards higher thresholds when compared to other reported thresholds that are based on this definition and on "one-on-one" test procedures. With these caveats in mind, we can compare our current results to thresholds reported in terms of peak incident fluence on bare fused-silica surfaces at our wavelength. The most comprehensive testing has been performed at Lawrence Livermore National Laboratory.18 Using their scaling laws to account for our laser pulsewidth, a nominal threshold value for a range of surface preparations is approximately 60 J/cm2. For silica samples with superior surface finishes, thresholds were found to rise to nearly 170 J/cm2 at our pulsewidth. Considering the various reasons why our results may be biased towards higher values, this comparison indicates that our results are consistent with the most representative data available from non-fiber testing.
The value of end-face conditioning with a CO2 laser is further illustrated by the comparison of damage sites observed in the current study shown in Table 1 . Without the end-face conditioning, the results were dominated by entrance-face breakdown at a level that largely preempted other damage mechanisms. With end-face conditioning, higher laser levels were passing beyond the entrance face and eventually triggering other damage processes. A single damage mechanism did not dominate the results, although a majority of fibers damaged either in the "entry" segment or within the 360° loop. Both of these damage processes could be further inhibited if a broader mode power distribution could be generated immediately beyond the fiber entrance face (as was achieved by the fiber-to-fiber injection method). Hopefully, continuing work on diffractive optics will ultimately achieve this goal and eliminate the need for a mechanical mode scrambler in the process. Nevertheless, the fact that the observed damage events were well distributed over the possible damage processes suggests that the current results may be approaching a practical limit for high-intensity laser transmission through fibers. Energy. The author would like to thank Paul Klingsporn of Allied-Signal, Inc., Kansas City Division, for providing the polished fiber samples used in this study. The talented contributions of Dante Berry, Geo-Centers, Inc., Albuquerque, in assembling and operating the C02-laser conditioning system, in designing and assembling the current damage testing configuration, and in performing all of the damage tests, were greatly appreciated. 
